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ABSTRACT 



A device is described for sensing oxygen, particularly 
for use in medical applications. The device includes an 
optical waveguide and an oxygen sensing medium dis- 
posed on the waveguide. The sensing medium fluor- 
esces in response to light from a light source such that 
the intensity of fluorescence is dependent on the partial 
pressure of oxygen in the environment The sensing 
medium includes an oxygen sensitive fluorescent dye in 
a matrix consisting of a plasticized polymer. 

25 Claims, 2 Drawing Sheets 
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fiber core with a cladding material which interacts with 
OPTICAL SENSOR FOR MONITORING THE oxygen thereby changing the amount of transmitted 
PARTIAL PRESSURE OF OXYGEN light His method requires that both ends of the fiber be 

accessible so that effectively two fibers (i.e., two fiber 
BACKGROUND OF THE INVENTION 5 ends) are required for a given sensor if used in a catheter 
The invention relates generally to sensors for moni- application, 
toring the partial pressure of oxygen in various environ- The use of two fibers and/or a remote light source 
ments and more specifically relates to fiber-optic de- appears to be a requirement for most optical sensing 
vices for monitoring the partial pressure of oxygen in devices for monitoring the partial pressure of oxygen, 
medical applications, 10 This makes the use of such devices impractical in re- 

Various amperometric electrochemical methods exist mote sensing applications where only a single fiber is 
for measuring the partial pressure of oxygen- However, available, and where that single fiber must serve as both 
these methods are generally unsatisfactory for in vivo an excitation source and a signal conduit, particularly 
applications due to severe and unpredictable drift re- where space constraints exist 

lated to difficulties associated with the fabrication of 15 Therefore, a need exists to provide a miniaturized 
microsensors and with membrane contamination. As sensing system, for monitoring the partial pressure of 
used in this context, membrane contamination refers to oxygen, which is easily fabricated, is sufficiently re- 
clogging or fouling of the membrane and is highly under sponsive to small changes in the partial pressure of 
sirable because it can cause such devices to produce oxygen, can be operated using a single optical fiber in 
incorrect readings for the partial pressure of oxygen. 20 remote applications, and is not subject to the effects of 
An alternative to the use of electrochemical sensors membrane contamination such as deterioration of the 
for in vivo applications is the use of optically based accuracy of the sensor, 
oxygen sensors. Several oxygen-based sensor systems 

have been described previously. For example, U.S. Pat SUMMARY OF THE INVENTION 

No. 4,003,707 issued Jan. 18, 1977, to Lubbers describes 25 ^ sub j ect invention is a very fast, very sensitive, 
the idea of using quenching by oxygen of the fluores- single-fiber oxygen sensor designed for remote applica- 
cence of pyrene dibutyric acid dissolved in dimethyl tions m constn icted environments. The sensor de- 
formamide with the solution enclosed in a gas-permea- scribed herein is particularly useful in multisensor sys- 
ble membrane, terns for very small channels such as in arteries and in 

One problem, however, with the device described in 30 blood vesselSf or m single-lumen medical catheters. The 
the patent to Lubbers is that such devices are difficult to . ta mc i ud es an optical waveguide to receive light 
fabricate as miniature devices for use in medical apphca- 4^^^ from a Ught source. The invention also 
bons * , j . . „ , . includes an oxygen-sensing medium disposed on the 

^ et °P*^*™%* d ^™™ Fet ™y™- „ waveguide. The sensing medium fluoresces in response 
fyl Chem 56, 62-67 (1984). Peterson describes the use 35 . fluores . 

of a two-fiber optical cable havuig asensing Up consist- & & ^ 

mg of perylene dibutyrate absorbed on a powdered ^ £ . £ e environ ^ ent t0 

Dolvstvrene suDDort and enclosed in a gas permeable r \ & K 

SSL THe'dye is excited by light sent down one of »e ™ed. The sensing J^^^S^^ 

the fibers. The resulting fluorescence is detected with 40 sensitive fluorescent dye m a matrix consisting of a 

the other fiber. Quenching of the fluorescence of pery- plasticized polymer. 

lene dibutyrate by oxygen is again used in this method. . A* object of the mvention is to provide z miniatur- 

Another general type of optical device for monitor- w* oxygen sensor for medical applications 

ing the partial pressiJrYof oxygen can be based on the Another object of the mvention is to .provide an ^oxy- 

use of ruthenium (11) complexes as luminescent sensors. 45 gen sensor which is capable of responding to very small 

The properties of such complexes are described in changes m the partial pressure of oxygen on the order of 

Klassen et al., "Spectroscopic Studes of Ruthenium (II) . 1 to 5 ™« H S; 

Complexes. Assignment of the Luminescence", The Another object of the invention is to provide an oxy- 

Journal of Chemical Physics, Vol. 48, No. 4, (1968), gen sensor which is easily fabricated and maintains its 

Pages 1853-1858, and in Demas et al., "Energy Transfer 50 integrity during continued use. 

from Luminescent Transition Metal Complexes to Oxy- Yet another object of the invention is to provide an 

gen", Journal of the American Chemical Society, Vol. 99, oxygen sensor which is not susceptible to the effects of 

No. 11, (1977), Pages 3547-3551. membrane contamination when used in medical applica- 

The use of perylene dibutyrate or pyrene dibutyric tions. 
acid mounted on a solid support, or in solution, and 55 These and other objects and advantages of the uiven- 
enclosed in a membrane is unsatisfactory because of the don, as well as the details of an illustrative embodiment, 
complexity of fabrication and the poor sensitivity of the will be more fully understood from the following de- 
dyes. The luminescence of these dyes change substan- scription and the drawings. 

tially less than twofold when the partial pressure of BRIEF DESCRIPTION OF THE DRAWINGS 
oxygen changes from 0 to 760 mm. Hg. These changes 60 

have been measured and found to be only about ten FIG. 1 is a schematic cross-sectional view illustrating 

percent or less. The ruthenium complex is much more one embodiment of the subject invention in which an 

sensitive than the other two materials, but is very slow oxygen sensing material is disposed along one side of an 

to respond when used in the unplasticized polyvinyl optical fiber; 

chloride (PVC) or silicone rubber systems described by 65 FIG. 2 is a schematic cross-sectional view illustrating 

Demas and Bacon. another embodiment of the subject invention in which 

U.S. Pat. Nos. 4,399,099 and 4,321,057 to Buckles an oxygen-sensitive material is disposed about the tip of 

describes an oxygen sensor made by coating an optical an optical fiber; 
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FIG. 3 is a schematic cross-sectional view illustrating signal than prior-art devices, thereby increasing the 

the subject invention particularly showing the light attainable precision. 

transmitting and fluorescent characteristics of the sub- In the preferred embodiment, a sensor is fabricated 

ject invention; using a 250 micron diameter plastic optical fiber having 

FIG. 4 is a Stern- Volmer plot showing the relative 5 first and second ends. The first end of the fiber is cut at 

fluorescent intensity of light produced in a prior-art an angle of twenty to thirty degrees from the fiber axis 

sensor and a sensor as described herein as a function of as illustrated in FIG. 2. As noted above, a steeper or 

the partial pressure of oxygen; and shallower cut seems to decrease the performance of the 

FIG. 5 is a graph illustrating the response times of a sensor. The second end of the fiber is adapted to receive 

traditional sensor silicone rubber and a sensor of plasti- 10 light from a light source and to provide an outlet for 

cized PVC as described herein. fluoresced light to go to a signal detector. In the pre- 

nPTAn pn nPSPRTPTinN OF THE ferred antattment, the second end of the fiber is pro- 

^SSwS eS222S?^ ^ a plastic optical connector ferrule - 7116 area 

PREFERRED EMBODIMENT surrounding the second fiber end on the ferrule surface 
As noted above, the subject invention is a very fast, 15 should be blackened so as not to reflect light from the 
very sensitive single-fiber sensor designed for remote excitation light source into the signal detector, 
applications in constricted environments. The sensor is in the preferred embodiment, the first end of the fiber 
very easy to construct and can be used either for gas or is dipped into a solution consisting of tris (4,7-diphenyl- 
liquid-phase monitoring. The subject invention compre- 1,10-phenanthroline) Ru(II) perchlorate, polyvinyl 
hends that numerous embodiments can be used with 20 chloride (PVC) and plasticizer (usually didecyl phthal- 
regard to both the materials used and the geometric a te) dissolved in tetrahydrofuran (or any other solvent 
design of the sensor. for PVC and the plasticizer used which will not attack 
FIG. 1 illustrates one embodiment of the sensor 10 in the fiber core or cladding). The optimum composition 
which a single optical fiber 12 having a core surrounded appears to be, by weight: 0.0254 gm tris (4, 7-diphenyl- 
by a cladding is used. In this embodiment, a longitudinal 25 ^jo-phenanthroline) Ru(H) perchlorate, 1.00 gm PVC, 
portion of the cladding is removed to allow evanescent- j qq gm didecyl phthalate, and 25 gms of tetrahydrofu- 
wave light transmission from the core of the fiber to a TQIL Adding more solvent causes a thinner, faster- 
sensing material 14. The sensing material and other responding coating but produces a less intense signal; 
aspects of this embodiment will be discussed in much adding substantially less solvent causes a thicker, slow- 
greater detail below. er-responding, less sensitive coating. The plasticizer is 
FIG. 2 illustrates another embodiment of the subject neC essary to produce the fast response and, to some 
.invention in which a sensor 16 includes a single optical ^ M h sensitivity; t00 mU ch plasticizer de- 
fiber 18 which has a first end 20 which terminates in an creases ^ mec hanical stability of the sensing coating, 
acute angle to expose a portion of a core of the fiber 18. ^ phthalate class of piasticizers (didecyl-,dicyclohex- 
An oxygen-sensitive membrane 22 is applied to the first « ^ ^ for examplc ) seems to perform best, 
end of the fiber. In the preferred embodiment, the angle Jn ^ optimum embodiment described above, the plas- 
formed by the axis of light transmission through the lymer flfty wdght pwccnt of didecyl 
fiber and the plane formed by the exposed portion of the phthalate . If a substantially lower percentage of plasti- 
core is thirty degrees. In other embodiments of the ^ h ^ the response ^ of ^ resulting sensor 
subject invention, the angle formed is generally less « btGoam excessively long; on the other hand, if a sub- 
than sixty degrees. Experimental results indicate an ^ nta ^ used) ^ resuU in g poly- 
angle wmch is substantially larger or smaller than mer ^ ^ undesirably soft and easily removed, 
twenty to thirty degrees tends to decrease the ^rfor- ^ embodimentSj ^ plasticizer may be selected 
mance of the sensor The performance is also affected Qf consistin of hthalic acid 

by x^ s?™*™*? °!' he r eX PT d co * e t . 43 derivatives, citric acid derivatives, adipic acid deriva- 
FIG. 3 illustrates tiie light transmission character^ .ad letaric acid derivatives. It b necessary that 
tics and fluorescent characterises of a typical sensor 24 > compatible with the specific 

fluores^t signal 28 :** travel along the s^e optical 50 ^un^^^ 

S^a £ le^^ which is not compatible w,th Specific poller will 

m^al results, which will be discussed^ further detail P^uce a grainy film which is generally opaque or will 
below indicate that a sensor fabricated in accordance ***** "to phases as the solvent evaporates, 
with the subject invention has at least twice the sensitiv- 55 As noted above, the preferred emtodunem uses an 
ity of any of the sensors described above in the Back- seiisittve fluorescent dye of tris (4,7-diphenyi- 

ground of the Invention where sensitivity (S) is defined U0-phenanthrohne) RuGI) perforate. In other em- 
by the equation- bodiments, the oxygen sensitive dye may be made of 

4 any salt of the tris (4,7-diphenyl- 1,10-phenanthroline) 

s=(/o//76o- 1) 60 Ru(II) cation. In particular, the anion used can be taken 

from the group including thiocyanate, hexafluorophos- 
where Iois the intensity of the fluorescent light at 0 mm phate, tetrafluoroborate, chloride or any of the other 
Hg, and heo is the intensity of fluorescent light at 760 halides. In other embodiments, the oxygen-sensitive 
mm Hg. In addition, the subject invention has a much fluorescent dye is made of any salt of a transition-metal 
faster response time as will be discussed below. Another 65 complex having as a ligand a derivative of 1,10-phenan- 
advantage of the subject invention over the prior art is throline. In particular, the transition-metal cation 
that devices fabricated in accordance with the preferred should be taken from the group including ruthenium 
embodiment provide a much larger absolute fluorescent (II), osmium (II), rhodium (HI) and iridium (III). 
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The subject invention envisions that various poly- tive medium being dependent on the partial pres- 

tners may be used. For example, the polymer may be sure of oxygen present in the environment being 

selected from the group of materials consisting of PVC, monitored, said sensitive-medium including an in- 

polystyrene, polyurethane, polyvinyl butyral, poly- organic oxygen-sensitive fluorescent dye in a plas- 

methyi methacrylate and silicone rubber. In general, 5 ticized polymer matrix 

any polymer may be used provided that the polymer % w a device for monitoring oxygen as recited in claim 

can be plasticized to a high degree, that it is compatible i ( wherein: said plasticized polymer includes at least 

with the dye used, and that it can be dissolved in a twenty-five percent plasticizer. 

solvent which will not attack the optical fiber used. 3 A device for monitoring oxygen as recited in claim 

In some embodiments it is desirable to provide a io 2 wherein* 

gas-pemeable, solution-impermeable sleeve -about ^the 0 ^ % ^^^ fluorescent dye includes tris 

optical fiber or waveguide This is illustrated in phan- (4,7KUphenyl-l,10-phenanthroline) Ru(II) perchlo- 
tom m FIG.l as element 32. In some embodiments the 

sleeve may be formed of polyertylene, polypropylene^ device for monitoring oxygen ^ m claim 

or silicone rubber microbore tubing. The sleeve may be l5 , ^Crein & y6 

applied to the sensing device 10 by sliding a tube of the ' * n ■ AJ . f . f 

particular material Ssed over the sensing de-nce. In oxygen-sensitive fluorescent dye is fonnedofany 

Sther embodiments, it is possible to apply the sleeve by ^S^^S^ flu ° r ^ l 1J of tns (4 ' 7 " 

coating the device with the material to be used and e diphenyl-l,10-phenanthrohne) Ru(II) cation, 

allowing the material to cure in place about the device. 20 5 * A device for momtormg oxygen as recited in claim 

FIG. 4 illustrates a Stern- Volmer plot showing the wherein: 

relative fluorescent intensity of light produced in a prior oxygen-sensitive fluorescent 'dye is made of any 

art sensor 34 and a sensor as described herein 36 as a oxygen-responsive, fluorescent salt of a transition 

function of the partial pressure of oxygen. A Stern- metal complex having as a ligand a derivative of 

Volmer plot is a graph in which the fluorescence ratio 25 *» 10-phenanthroline. 

of the sensor is plotted versus the percentage or partial 6- A device for monitoring oxygen as recited in claim 

pressure of oxygen. The fluorescence ratio (R) can be 2, wherein: 

defined as: said oxygen-sensitive fluorescent dye is made of any 

oxygen-responsive, fluorescent salt of a transition 

R = (/o//y^ i ) 3Q metal complex having as a ligand 1 , 1 0-phenanthro- 

line. 

where Io is the fluorescence at zero oxygen partial pres- 7, a device for monitoring oxygen as recited in claim 

sure and I/is the fluorescence at a corresponding partial 5^ wherein: 

pressure of oxygen. As can be seen from the. figure, the said transition-metal complex is selected from the 

sensitivity of the device described herein is substantially group consisting 0 f ruthenium (II), osmium (II), 

greater than that of the prior-art sensor. The particular J3 rhodium (III) and iridium (HI), 

prior-art sensor that is used for comparison in FIG. 4 is 8 A d ev i ce f or monitoring oxygen as recited in claim 

a sensor of the type described above as developed by ^ wherein: 

Demas and Bacon. ' ^ plasticized polymer is formed of polyvinyl chlo- 

Refenmg now to FIG. 5, the response time 38 of the dde p last i cized didecyl phthalate. 

device as described herein has. proven to be substan- w 9 A device for monitoring oxygen as recited in claim 

tially faster than the response time 40 of the prior art g wnerem . 

device as described by Demas and Bacon. These re- ' said prized polymer includes fifty weight percent 

sponse tunes were monitored for a change in the partial 0 f didecyl phthalate 

pressure of oxygen from 0 to 760 mm Hg. . 10 A device for momtoring oxygen as recited in 

In summary, the present invention provides for the c \^ m 2 wherein- 
rapid precise and accurate measurement of oxygen ^ticized polymer is plasticized with a deriva- 
partial pressures in remote sensing apphcations due 0 J phthaliVacid, said derivative being compati- 
the use of a very sensitive fluorescent dye in a highly " c ^T* 1 . e 
plasticized polymer matrix. Furthermore, we have de- ble with said polymer 

scribed a very simple method for preparing extremely 50 U. A device for monitoring oxygen as recited in 

small sensing devices for medical applications in a man- claim Z, wnerem. . . . 

ner easy to fabricate. plasticized polymer includes a plasticizer se- 

Although the invention has been described and illus- le^d from the group of materials consisting of 

trated in detail, it is to be clearly understood that the derivative* citric acid derivatives, 

same is by way of illustration and example only, and is 55 adipic acid derivatives, and sebacic acid denva- 

not to be taken by way of limitation; the spirit and scope toves - „ . J . 

of this invention being limited only by the terms of the * 2 - A device for momtoring oxygen as recited in 

appended claims. claim * wherein: 

We claim: said plasticized polymer includes a polymer selected 

1. A device for monitoring oxygen in an environmen- 60 from the group of materials consisting of polyvinyl 

tal in response to light transmitted from a light source chloride, polystyrene, polyurethane, polyvinyl 

comprising: butyral, polymethyl methacrylate and silicone rub- 

an optical waveguide to receive light transmitted ber. 

from the light source; and 13. A device for monitoring oxygen as recited in 

a coating of oxygen-sensitive medium disposed on 65 claim 1, wherein: 

said waveguide wherein said sensitive medium said waveguide is a fiber optic waveguide having a 

* fluoresces in response to light from said light core surrounded by a cladding, a portion of said 

source, the intensity of fluorescence of said sensi- cladding being removed from said waveguide to 
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expose a portion of said core, said oxygen sensing 
medium being disposed on said exposed core. 

14. A device for monitoring oxygen as recited in 
claim 1, wherein: 

said waveguide is a fiber-optic waveguide having first 5 
and second ends, said oxygen-sensing medium 
being disposed on said first end of said waveguide, 
said light source being disposed at said second end 
of said waveguide. 

15. A device for monitoring oxygen as recited in 10 
claim 1, wherein: 

said waveguide is a fiber-optic waveguide having a 
core surrounded by a cladding and having first and 
second ends, said light source being disposed at 
said second end of said waveguide, said first end of 15 
said waveguide terminating in an acute angle ex- 
posing an elongated portion of said core, said oxy- 
gen sensing medium being disposed on said elon- 
gated portion of said core. 

16. A device for monitoring oxygen as recited in 20 
claim 15, wherein: 

said acute angle is less than about sixty degrees. 

17. A device for monitoring oxygen as recited in 
claim 15, wherein: 

said angle is between about twenty and about thirty 25 
degrees. 

18. A device as recited in claim 1, further comprising: 
a sleeve surrounding said waveguide, said sleeve 

being formed of a gas-permeable, solution- 
impermeable membrane. 30 

19. A device for monitoring oxygen as comprising: 
an acrylic optical fiber, having a generally cylindrical 

core surrounded by a cladding, said fiber having 
first and second ends, said first end terminating in 
an acute angle of between about twenty degrees 35 
and about thirty degrees to expose an elongated 
portion of said core; and 
an oxygen-sensing medium composed of tris (4,7- 
diphenyl-ljlO-phenanthroline) (RuII) perchlorate 
dye in a matrix of polyvinyl chloride and didecyl 40 
phthalate, said matrix consisting of fifty-weight- 
percent didecyl phthalate, said matrix being satu- 



rated with said dye, said oxygen sensing medium 
being disposed on said exposed portion of said 
core. 

20. A device as recited in claim 19, further compris- 
ing: 

a gas permeable, solution impermeable membrane 
disposed about said fiber and said sensing medium. 

21. A method for forming an oxygen sensor compris- 
ing the steps of: 

immersing an elongated portion of an exposed optical 
fiber core in an oxygen sensing medium dissolved 
in a volatile solvent, said solvent being unable to 
dissolve said fiber, and said elongated portion ter- 
minating in an acute angle of less than about sixty 
degrees; and 

allowing said solvent to evaporate to cause said oxy- 
gen sensing medium to dry to a solid phase. 

22. A method for forming an oxygen sensor as recited 
in claim 21 further comprising the step of: 

forming a gas-permeable, solution-impermeable 
membrane about said fiber and said sensing me- 
dium. 

23. A device for monitoring oxygen in an environ- 
ment in response to light transmitted from a light source 
comprising: 

a fiber-optic waveguide having a core surrounded by 
a cladding and having first and second ends, said 
light source being disposed at said second end of 
said waveguide, said first end of said waveguide 
terminating in an acute angle exposing an elon- 
gated portion of said core, said oxygen sensing 
medium being disposed on said elongated portion 
of said core. 

24. A device for monitoring oxygen as recited in 
claim 23, wherein: 

said acute angle is less than about sixty degrees. 

25. A device for monitoring oxygen as recited in 
claim 23, wherein: 

said angle is between about twenty degrees and about 
thirty degrees. 

***** 
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